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Osteoblast-released Matrix Vesicles,
Regulation of Activity and Composition by
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Our aging population has to deal with the increasing
threat of age-related diseases that impair bone healing.
One promising therapeutic approach involves the coating
of implants with modified glycosaminoglycans (GAGs)
that mimic the native bone environment and actively fa-
cilitate skeletogenesis. In previous studies, we reported
that coatings containing GAGs, such as hyaluronic acid
(HA) and its synthetically sulfated derivative (sHA1) as well
as the naturally low-sulfated GAG chondroitin sulfate
(CS1), reduce the activity of bone-resorbing osteoclasts,
but they also induce functions of the bone-forming cells,
the osteoblasts. However, it remained open whether
GAGs influence the osteoblasts alone or whether they
also directly affect the formation, composition, activity,
and distribution of osteoblast-released matrix vesicles
(MV), which are supposed to be the active machinery for
bone formation. Here, we studied the molecular effects of
sHA1, HA, and CS1 on MV activity and on the distribution
of marker proteins. Furthermore, we used comparative
proteomic methods to study the relative protein compo-
sitions of isolated MVs and MV-releasing osteoblasts. The
MV proteome is much more strongly regulated by GAGs
than the cellular proteome. GAGs, especially sHA1, were
found to severely impact vesicle-extracellular matrix in-
teraction and matrix vesicle activity, leading to stronger
extracellular matrix formation and mineralization. This
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study shows that the regulation of MV activity is one
important mode of action of GAGs and provides informa-
tion on underlying molecular mechanisms. Molecular &
Cellular Proteomics 15: 10.1074/mcp.M115.049718, 558-
572, 2016.

Skeletogenesis is a complex process that involves differ-
entiation and proliferation, but the most important step is the
mineralization of the extracellular matrix (ECM)" to form bone
to physically support body functions (1). Our aging population
is facing an increase in age-related diseases (e.g. diabetes
and osteoporosis) that impair bone healing and require situ-
ation-adapted solutions for bone grafts and implants (2). One
promising approach is the use of glycosaminoglycans (GAGs)
to modify biomaterials (3). GAGs are the major organic com-
ponents of ECM and play an important regulatory role in the
development and remodeling of bone tissue. GAGs are poly-
saccharides consisting of alternating monosaccharide resi-
dues. Their sequence varies with respect to saccharide
composition, glycosidic bond, and modification of the disac-
charide unit, e.g. the degree of sulfation (3). GAGs modulate
water and extracellular cation homeostasis. Moreover, they
interact with and modulate the function of proteins like cyto-
kines, adhesion molecules, and enzymes and thereby regu-
late processes such as migration, adhesion, differentiation,
and proliferation of bone cells (2, 4-13). Thus, because hu-
man bone marrow stromal cells (nBMSC) sense their microen-
vironment, especially the chemical composition of the ECM
(14), GAGs also promote the differentiation of bone-forming
osteoblasts from hBMSC, as different studies have shown for
sulfated GAGs (15, 16). Additionally, GAGs are potent mole-
cules to promote bone anabolic activities (2).

" The abbreviations used are: ECM, extracellular matrix; GAG, gly-
cosaminoglycan; hBMSC, human bone marrow stromal cell; MMP,
matrix metalloproteinase; TIMP, tissue inhibitor of metalloproteinase;
MV, matrix vesicle; TNAP, tissue nonspecific alkaline phosphatase;
HA, hyaluronic acid; CID, collision-induced dissociation; FC, fold
change; EV, extracellular vesicle; POSTN, periostin; BMP, bone mor-
phogenetic protein; sHA1, low-sulfated hyaluronic acid.
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Osteoblasts synthesize the majority of extracellular matrix
components and control the mineralization of the organic
ECM by secreting regulatory proteins such as osteocalcin,
bone sialoprotein Il, and osteoadherin and modulate the local
concentration of phosphate ions by tissue nonspecific alka-
line phosphatase. With ongoing differentiation, osteoblasts
release matrix vesicles (MV) (17). MVs are extracellular mem-
brane-limited structures with a diameter of 100-400 nm (18,
19). According their size and biogenesis, they are grouped
into the category of ectosomes (20). Mineralizing osteoblasts
as well as hypertrophic chondrocytes were shown to have
high levels of Ca®* ions in their mitochondria and inorganic
phosphate (P,) in their cytoplasm prior to mineralization. Ca®™*
ions are released by mitochondria and in combination with P;,
amorphous calcium phosphate is formed at sites of MV for-
mation (1). MVs are released from apical microvilli into the
ECM by pinching off or budding (18, 19). They continue to
accumulate Ca?* ions and P;, which promotes the formation
of hydroxyapatite in their lumen (21). In the second phase of
mineralization, MVs release hydroxyapatite crystals that prop-
agate continuous mineral formation in the ECM (22). Further-
more, MVs possess proteins and lipids to execute essential
functions for initiating mineral formation. This includes
Ca®"/P, ion homeostasis, mineral nucleation, ECM remodel-
ing, degradation of mineralization inhibitors or the mainte-
nance of membrane lipid composition, and the control of ECM
interactions that are crucial for controlling mineral growth and
localization (22-24).

In previous studies we have reported that GAGs such as HA
and its synthetically sulfated derivatives induce osteoblast
functions, e.g. cell-matrix interaction, differentiation, mineral-
ization, and endocytosis (25). However, it is not clear whether
GAGs influence only the osteoblasts or also the formation,
composition, activity, and adhesion to the ECM of secreted
MVs. To delineate the molecular effects, the synthetically
low-sulfated hyaluronic acid derivative (sHA1, degree of sul-
fation ~1) was studied in terms of MV biogenesis, release,
and composition, and the effects were compared with those
caused by naturally equally low-sulfated chondroitin sulfate
(CS1, degree of sulfation ~1) as well as by non-sulfated HA.
Furthermore, we isolated MVs from osteoblasts after cultiva-
tion with those GAGs and analyzed their respective protein
composition in a quantitative manner using a global pro-
teomic approach after stable isotope labeling by amino acids
in cell culture (SILAC) labeling. To find out whether the alter-
ation of the MV proteome is a reflection of the changes of the
cellular proteome or whether the MV proteome is independ-
ently regulated, we compared the GAG-induced changes in
both proteomes.

MATERIALS AND METHODS

Preparation of Glycosaminoglycans—Chondroitin sulfate (CS1)
from porcine trachea (CS-A/C, a mixture of 70% chondroitin 4-sulfate
and 30% chondroitin 6-sulfate) was purchased from Kraeber & Co.

GmbH (Ellerbek, Germany). Low molecular weight HA and low-sul-
fated hyaluronic acid (sHA1) were synthesized and characterized as
described by Kunze et al. and Hintze et al. (6, 7). Chemical properties
are listed in supplemental Table 1. Stock solutions of sulfated GAG
(20 mg/ml) and HA (5 mg/ml) were prepared in sterile PBS. For the
experiments, the cells were incubated with 200 ug/ml sulfated GAG
or HA in culture medium.

Isolation of hBMSC—Bone marrow aspirates were collected from
healthy donors (Caucasian males, average age 33.0 = 8.6 years) at
the Bone Marrow Transplantation Centre of the University Hospital
Dresden. hBMSC were isolated according to Oswald et al. (26). The
study was approved by the local ethics commission (ethics vote no.
EK114042009), and the donors gave their full consent. For the exper-
iments, hBMSC preparations were chosen according to similar os-
teogenic differentiation potentials as estimated by alkaline phospha-
tase (TNAP) activity. Cells from different donors were treated as
independent biological replicates.

Cell Culture and SILAC Labeling—Metabolic labeling of hBMSC
proteins was conducted with SILAC protein identification and quan-
tification media kit (DMEM flex) purchased from Invitrogen (Karlsruhe,
Germany) as tested and described earlier for 34 days using either 0.1
mg of L-[(U-'3Cgllysine and 0.1 mg of L-[(U-'3Cg,"®N,]arginine
(“heavy”) or non-labeled lysine and arginine (“light”) in Dulbecco’s
modified Eagle medium (DMEM, Biochrom KG, Berlin, Germany) (25).
7,000 hBMSC/cm were cultured onto TCPS. After 24 h, heavily la-
beled cells were incubated with sHA1 (reference sample), whereas
lightly labeled cells were either treated with HA or CS1 (200 pg/ml
each) or were not treated (control). hBMSC were grown in osteogenic
differentiation medium (DMEM basal medium with 10% HI-FCS, 0.2%
penicillin/streptomycin, 10 mm B-glycerophosphate, 0.3 mm ascorbic
acid containing either labeled or non-labeled L-lysine and L-arginine)
from day 4 on to induce osteogenic differentiation. The medium was
changed every 3-4 days with osteogenic differentiation medium sup-
plemented with GAGs as stated above.

Isolation of MVs by Ultracentrifugation— Conditioned medium con-
taining released MVs was collected at every change of culture me-
dium until day 22 and stored at —80 °C until MV preparation. MVs
were separated by ultra-centrifugation according Xiao et al. (24).
Briefly, conditioned medium was pre-cleared by the following centri-
fugation steps: 300 X g at 25 °C for 5 min and 20,000 X g at 4 °C for
30 min (2-15 and 3K30, respectively, Sigma GmbH, Osterode, Ger-
many). For pelleting of MVs, the supernatants were subjected to an
ultracentrifuge (Optima LE-80K, fixed-angle rotor 45Ti, Beckman
Coulter GmbH, Krefeld, Germany) and centrifuged at 100,000 X g at
4 °C for 60 min. Pellets were then washed once with PBS and cen-
trifuged again at 100,000 X g for 60 min at 4 °C. For nano-LC-ESI-
MS/MS measurements, MV-enriched fractions were lysed in a buffer
containing 6 M urea, 2 M thiourea, and 100 mm NH,HCO;. Protein
lysate was clarified by centrifugation at 16,060 X g for 30 min at 4 °C
(Biofuge Fresco, Heraeus, Hanau, Germany). Protein concentration of
the lysate was determined by a Bradford protein assay (RotiQuant,
Carl Roth GmbH, Karlsruhe, Germany) using bovine serum albumin as
standard. Protein extracts were stored at —20°C for later
experiments.

Cell Harvest and ECM Preparation—At day 22 after seeding, cells
were lysed in 1.5 m Tris-HCI, 1 mm ZnCl,, 1 mm MgCl,, and 1% Triton
X-100, pH 10. To clarify the protein extracts, the samples were
centrifuged at 16,060 X g for 30 min at 4 °C. Protein concentration of
the lysate was determined by a Bradford protein assay using bovine
serum albumin as standard. Protein extracts were stored at —20 °C
for later experiments. For analysis of ECM-bound MVs, cells were
detached from culture plates with 20 mm NH,OH for 30 min at 25 °C.
The remaining ECM was lysed in 1.5 m Tris-HCI, 1 mm ZnCl,, 1 mm
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MgCl,, and 1% Triton X-100, pH 10, and centrifuged in the same
manner as described above.

TNAP Activity—TNAP activity was determined in lysates of re-
leased matrix vesicles (100,000 X g fraction), cells, and ECM after
detachment of cells (lysis buffer: 1.5 m Tris-HCI, 1 mm ZnCl,, 1 mm
MgCl,, and 1% Triton X-100, pH 10) as described in Ref. 27 with
p-nitrophenyl phosphate as a substrate. TNAP activity was calculated
from a linear calibration curve (r > 0.99) prepared with p-nitrophenol.
TNAP activity is given in units (umol-min~") per sample. The percent-
age of TNAP activity of each fraction (released MV, cells, and ECM)
was calculated from the total TNAP activity of the sample.

Calcium Phosphate Accumulation— Calcium phosphate deposition
by hBMSC was quantified using calcium and phosphorus kits (both
from Greiner Diagnostics, Bahlingen, Germany) as described previ-
ously (28). Cell layers were washed with PBS, dried, and incubated
with 0.5 M HCl at 4 °C for 24 h. Calcium and phosphate contents in the
lysates were quantified photometrically with cresol phthalein com-
plexone at 570 nm and ammonium molybdate at 340 nm, respec-
tively. Both the calcium and phosphate contents (nmol cm~2) were
calculated from linear calibration curves (p > 0.99).

Western Blot—Western blot analysis of cell lysates was conducted
as described before (29). Briefly, after SDS-PAGE (4% stacking gel,
10% resolving gel) the proteins were transferred to nitrocellulose
membranes (GE Healthcare, Freiburg, Germany) by semi-dry blotting.
Mouse anti-human annexin VI-IgG (clone73, BD Transduction Labo-
ratories, Heidelberg, Germany) was applied in 25 mm Tris-buffered
saline, pH 8, containing 0.5% Tween 20 and 5% bovine serum
albumin overnight. Immunoreaction with horseradish peroxidase-
conjugated horse anti-mouse 1gG-IgG (CST, via New England Bio-
labs, Frankfurt/Main, Germany) was performed in 25 mwm Tris-buffered
saline, pH 8, containing 0.5% Tween 20 and 5% dry milk for 2 h.
Visualization of the immune complex was conducted by enhanced
chemiluminescence detection (GE Healthcare) using a CCD camera
system (MF-ChemiBIS1.6 via Biostep Jahnsdorf, Germany). Densito-
metric evaluation was performed with ImageQuant 5.1 software (GE
Healthcare).

Enzyme-linked Immunosorbent Assay (ELISA)—Conditioned me-
dium of hBMSC was collected at day 22 and analyzed for the con-
centration of tissue inhibitor of metalloproteinase-3 (TIMP-3) using the
DuoSet ELISA development kit (DY973; all from R&D systems, Wies-
baden, Germany) according to the manufacturer’s instructions.

Immunofluorescence Staining—To visualize annexin V and VI at
day 22, immunofluorescence staining was performed as described
before (27). Briefly, after washing, fixing, and permeabilization,
hBMSC were incubated with rabbit anti-human annexin V polyclonal
antibody (catalog no. 8555, New England Biolabs) and mouse anti-
human annexin VI monoclonal antibody (clone 73, BD Biosciences,
Heidelberg, Germany) dissolved in PBS, containing 1% bovine serum
albumin and 0.05% Tween 20 for 1 h. After additional washing and
blocking, AlexaFluor-488-conjugated goat anti-rabbit and goat anti-
mouse IgG (Invitrogen, Karlsruhe, Germany), dissolved in PBS con-
taining 1% bovine serum albumin and 0.05% Tween 20, were used as
the secondary antibody, respectively. Nuclei were stained with 0.2
ng/ml 4',6-diamidino-2-phenylindole (DAPI), PBS for 10 min at 25 °C.
Cells were embedded in Mowiol 4-88 (Sigma) and visualized using an
Axiophot fluorescence microscope (Carl Zeiss, Oberkochen, Ger-
many). The fluorescence signals were detected using the following
filters: excitation 450-490 nm and emission 515-565 nm for Alex-
aFluor-488, and excitation 365 nm and emission 420 nm for DAPI.
Digital images were obtained with an AxioCam MRm camera (Carl
Zeiss) using AxioVision software release 4.6 (Carl Zeiss).

Zymography—For zymography, proteins from conditioned media
were separated by one-dimensional SDS-PAGE (7.5% resolving, 4%
stacking) containing 0.05% gelatin. Gels were incubated overnight in

a buffer ensuring gelatinase activity (100 mm Tris-HCI, pH 7.4, 5 um
CaCl,, 1 um ZnCl,). Proteins were stained with Coomassie Brilliant
Blue G-250. Gelatinolytic activity associated with matrix metallopro-
teinase (MMP)-2 and -9 was examined by quantifying unstained
bands with ImageQuant™ 5.1 software (GE Healthcare) using local
median background correction.

Proteomic Sample Preparation for Nano-LC-ESI-MS/MS— Refer-
ence samples and test samples of MVs or cell extracts, respectively,
were mixed and separated with SDS-PAGE on a one-dimensional gel
(12% resolving and 4% stacking gel), and the resulting protein bands
were stained with Coomassie Brilliant Blue G-250. The stained gel
was sliced into six bands for MV samples and nine bands for cell
samples with similar protein amounts, after which in-gel tryptic diges-
tion was conducted as described before (25).

Nano-LC-ESI-MS/MS —Tryptic peptides produced by in-gel diges-
tion from MV samples were analyzed using an LTQ Orbitrap Velos
ETD mass spectrometer (Thermo Fisher Scientific, Waltham, MA)
coupled with a NanoAcquity system (Waters GmbH, Eschborn, Ger-
many). Briefly, after desalting for 8 min with 98% solvent A (0.1%
formic acid in H,0) and 2% solvent B (0.1% formic acid in H,O) (flow
rate 15 wl/min) using a 180-um X 20-mm C18 column, tryptic pep-
tides were applied to a 75-um X 150-mm BEH130 C18 column (both
columns by Waters). Peptide elution was achieved using a non-linear
90-min gradient of increasing solvent B (2-40%) at a flow rate of 300
nl/min. The separated peptide ions were then electrosprayed by the
nano-ESI source (lonMax, Thermo Scientific, Bremen, Germany). The
electrospray voltage was 1.7 kV, and normalized collision energy of
35% was used for CID-MS/MS. All MS/MS spectra were acquired in
the linear ion trap by data-dependent scans in which the 10 most
abundant spectra from the full MS scan (resolution of 60,000 at m/z
400, target value 5 X 10° counts), exceeding an intensity of 3,000,
were selected for fragmentation. For CID-MS/MS, the dynamic ex-
clusion duration was set to 120 s; the exclusion mass width was set
relative to mass with 4 ppm, and the list of dynamic exclusion was
limited to 500 entries.

Tryptic peptides gained from cell samples were analyzed using a
LTQ Orbitrap XL ETD (Thermo Fisher Scientific) also coupled with a
NanoAcquity system as described before (30). Briefly, UPLC param-
eters were similar to MV sample processing, but peptide elution was
conducted using a non-linear 150-min gradient of increasing solvent
B (1-40%). The separated peptides were electrosprayed using a
chip-based electrospray device (TriVersa NanoMate ion source, Ad-
vion, Ithaca, NY) at a voltage of 1.7 kV. CID-MS/MS spectra were
acquired in the ion trap by data-dependent scans in which the six
most abundant spectra from the full MS scan (resolution 60,000 at
m/z 400, target value 5 X 10° counts exceeding an intensity of 3,000)
were selected for fragmentation at a normalized collision energy of
35%. The parameters for dynamic exclusion were similar to MV
sample processing but the dynamic exclusion duration was set to
180 s. All MS/MS peak lists were generated using Xcalibur software
(version 2.0.7 for LTQ Orbitrap XL ETD and 2.1 for LTQ Velos ETD,
respectively).

Database Search—Using MaxQuant software (version 1.4.1.2) (31)
with the integrated search engine Andromeda (32), the acquired
MS/MS spectra were searched against a concatenated Uniprot da-
tabase, which contains all reviewed human proteins (version 2nd
December 2013; 39,665 sequences) as well as reverse entries and
contaminants. The following MaxQuant search parameters were
used: precursor’s mass tolerance of 30 ppm for first search; 5 ppm for
main search; fragment’s ion mass tolerance 0.5 Da; two allowed
missed cleavages by setting trypsin in “specific” mode as endopro-
teases; minimum of two peptides/protein, including at least one
unique peptide. The false discovery rate for peptide and protein
identification was set to 0.01 based on a target-decoy database
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search. There was no threshold score set for unmodified peptides,
although for modified peptides the threshold score was 40. Oxidation
of methionine and acetylation of the N-terminal protein were set as
variable modifications, whereas carbamidomethylation of cysteine
was set as a fixed modification. Lysine 6 (**C-labeled lysine) and
arginine 10 ('C,"®N-labeled arginine) were set as heavy SILAC labels.
If not stated otherwise, MaxQuant default parameters were used (31).
All identified contaminants from the MaxQuant integrated list were
erased. Heavy/light ratios were log,-tranformed, and the median was
normalized. Only proteins that were quantified in all three biological
replicates were used for further analysis. The mass spectrometry
proteomics data have been deposited to the ProteomeXchange Con-
sortium (33) via the PRIDE partner repository with the dataset identi-
fier PXD002498. Additionally, all spectra for protein annotations,
based on a single unique peptide, are accessible via the web-based
spectral viewer MS-Viewer (34) by the search keys oa4dn5vufr and
xiztdjcOgx, respectively.

Statistical and Functional Analyses—To be considered as signifi-
cantly regulated, a conservative SILAC ratio of log, (heavy/light ratio)
(fold change, FC) = 0.5 or = —0.5 with a p value (Student’s t test,
two-tail, assuming unequal variance) = 0.05 needs to be fulfilled.
Further biochemical data were analyzed for statistical significance
with GraphPad Prism 5.04 software (Statcon, Witzenhausen, Ger-
many) by two-way analysis of variance analysis with Bonferroni’s post
test. The results are presented as means = S.E. of the mean.

For functional analysis, the list of identified proteins and their
respective gene names were imported into PANTHER and clustered
according their biological processes, molecular functions, cellular
components, and protein classes (35). Based on those annotations
and further information derived from the literature, proteins were
manually classified into 11 different groups that are important for MV
function and biogenesis as follows: cytoskeleton, vesicle/GTPase,
metabolic process, ECM, protease and inhibitor, mineralization, cell
adhesion, growth factor and receptor, protein folding, immunity and
defense, and other. The isoelectric point (pl) and the molecular weight
(M,) of every protein were calculated using the ExPASy tool “Compute
pl/MW.” Signal peptides of all identified proteins were predicted using
the SignalP 4.1 server (36). The ExoCarta database was used to
evaluate the purity of the matrix vesicle proteome (37-39).

RESULTS

GAGs Affect MV Fusion and ECM Mineralization— Matrix
vesicle biogenesis occurs by pinching off or polarized bud-
ding of vesicles from specific regions of the outer plasma
membrane of the mineralizing cell. Annexin VI has been im-
plicated in mediating endosome aggregation and vesicle fu-
sion during exocytosis (1, 40). We used immunofluorescence
staining and Western blot analysis to visualize the effect of the
GAGs on the annexin VI level. All treatments induced an
increase of annexin VI protein content (FC, 0.7-1.1) in hBMSC
compared with untreated cells, but without any significant
difference among the experiments (Fig. 1A). Immunofluores-
cence staining showed similar results (Fig. 1B); however, the
distribution of annexin VI is different for sHA1. For CS1 and
HA, the protein is concentrated near the nucleus and is less
densely distributed over the rest of the cell in fibril structures.
For sHA1, annexin VI is also mainly located near the nucleus
and throughout the entire cell in dot-like structures.

Tissue-nonspecific alkaline phosphatase (TNAP), an early
marker of osteogenic differentiation, hydrolyzes organic
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Fic. 1. Effects of GAGs on annexin VI. Annexin VI protein content
after treatment with chondroitin sulfate (CS7), non-sulfated hyaluronic
acid (HA), or low-sulfated hyaluronic acid (sHA7) was examined by
Western blot analysis and semi-quantitative densitometric evaluation
of bands, n = 3. Immunofluorescence images of hBMSC were stained
for annexin VI (green) and nuclei (blue); scale bar, 50 um.

phosphate esters such as pyrophosphate and provides inor-
ganic phosphate to promote mineralization (41). We analyzed
the influence of sHA1, HA, and CS1 on the TNAP activity of
osteoblasts as well as of MVs embedded in the ECM (ECM-
MV) and released MVs. HA and CS1 did not alter total TNAP
activity compared with the untreated control. In contrast,
sHA1 treatment resulted in a significant increase (1.7-fold, p
value < 0.001; Fig. 2A). The relative TNAP activity per TNAP
localization was not altered by the different GAGs (Fig. 2B).
MVs include the nucleation cores and induce formation of
calcium phosphate crystals that are then released into the
ECM and become part of it (1). Thereby annexin V accelerates
the nucleation of an acidic phospholipid-Ca®*-P, complex on
the inner MV membrane, which then triggers the de novo
mineral formation of hydroxyapatite (1). To evaluate the
calcium phosphate deposition in the hBMSC matrix, the
amount of both cell-associated calcium and phosphate was
quantified. As seen before for TNAP activity, sHA1 caused
the greatest effects on calcium and phosphate accumula-
tion around hBMSC. sHA1 treatment resulted in a significant
increase of cell-associated calcium (2.5-fold, p value <
0.01), whereas HA and CS1 showed no alteration compared
with the control (Fig. 2C). Phosphate measurements
showed the same trends, sHA1 enhanced phosphate dep-
osition significantly (3.0-fold, p < 0.01) and HA or CS1
induced no changes compared with the control (Fig. 2D).
Immunofluorescence staining for annexin V showed a large
induction of the protein in cells treated with sHA1 (Fig. 2E). For
HA, there was no difference compared with the control, as
was the case for the calcium and phosphate measurements.
In contrast to those, CS1 consistently showed a slight inhib-
itory effect for calcium and phosphate as well as for annexin
V staining. Based on these data, sHA1-treated cells were
used as a reference for the quantitative proteomics study to
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see whether HA and CS1 differ from sHA1 in their effect on the
matrix vesicle proteome and thus on the ability of hBMSC to
form bone.

Matrix Vesicle Proteome in General— SILAC-based quanti-
tative proteomics was applied to characterize the composi-
tion of MVs released from hBMSC treated with sHA1, HA, or
CS1 for 22 days. A total of 309 MV proteins with 2,218
corresponding peptides were identified (supplemental Table
2, A and B). Quantified proteins of the three treatments were
normally distributed, and the correlation coefficients R? be-
tween the biological samples showed a linear behavior with
values between 0.8 and 0.9 (supplemental Table 2C).

As a control for the quality of MV preparation, the presence
of extracellular vesicle (EV) marker proteins, including heat
shock proteins, tetraspanins, and annexins (42), was evalu-
ated. Of the 25 most frequently identified EV proteins from the
exosome database ExoCarta (37, 39, 43), 21 were found in the
MV fraction (Table I). As a second criterion, all proteins iden-
tified in the MV proteome analysis were compared with all
human EV proteins and all human mesenchymal stem cell
(MSC) proteins available on ExoCarta. 81% of our MV dataset
overlaps with the ExoCarta proteins (Fig. 3). Several studies
have shown that not all EV markers are always present in all EVs
(87, 39, 42, 44-47).

Ccs1

sHA1

All 309 identified proteins were classified (Fig. 4, A and B)
according to their biological processes, molecular functions,
cellular components, and protein classes determined by the
PANTHER classification tool (35). MVs showed no enrichment
in plasma membrane proteins (3.4%), in agreement with the
opinion that these vesicles do not originate to a large extent
from the plasma membrane (48). Intracellular proteins (70.2%)
were annotated to the cytosol and several organelles such as
nucleus, ribosomes, and mitochondria. This is in line with
previous findings that extravesicular proteins are associated
with a variety of organelles (38). Interestingly, a high number
of proteins (15%) were annotated to the category of cytoskel-
eton. Furthermore, 26.4% of all identified MV proteins could
be classified as extracellular proteins, although this was the
case for only 8.3% of the cellular proteome (supplemental
Table 3E).

Functional clustering showed enrichment in processes that
are crucial for the function of matrix vesicles and bone min-
eralization (Fig. 4B and supplemental Table 2F). A large num-
ber of identified proteins (15%) are involved in matrix vesicle
formation and budding, such as the Rab GTPases (49). Pro-
teins that were grouped into the cluster ECM (13%) include
ECM structural proteins such as collagens or extracellular
linker proteins like laminins (50). Furthermore, proteases and

562

Molecular & Cellular Proteomics 15.2


http://www.mcponline.org/cgi/content/full/M115.049718/DC1
http://www.mcponline.org/cgi/content/full/M115.049718/DC1
http://www.mcponline.org/cgi/content/full/M115.049718/DC1
http://www.mcponline.org/cgi/content/full/M115.049718/DC1
http://www.mcponline.org/cgi/content/full/M115.049718/DC1
http://www.mcponline.org/cgi/content/full/M115.049718/DC1

Osteoblast-released Matrix Vesicles

TABLE |
Identification rate of 25 most prominent extracellular vesicle proteins
The 25 most frequently identified extracellular vesicle proteins from
the exosome database ExoCarta were checked for identification in
the matrix vesicle fraction.

Rank Protein family Gene name |dentified
1 Heat shock proteins HSPAS +
9 HSP90AA1 +
20 HSP90AB1 -
2 Tetraspanins CD9

5 CD63 -
6 CD81 +
3 Metabolic enzymes GAPDH +
8 ENO1 +
21 ALDOA +
19 LDHA +
24 PGK1 +
11 PKM2 +
7 Annexins ANXA2 +
23 ANXA5 +
4 Cytoskeletal and associated ACTB +

proteins

18 ACTG1 +
25 CFL1 +
22 MSN +
10 Elongation factors EEF1A1 +
17 EEF2 -
12 14-3-3 family proteins YWHAE +
16 YWHAZ +
13 Other SDCBP +
14 PDCD6IP +
15 ALB +

their inhibitors, especially MMPs and TIMPs (51), are essential
for the remodeling of the ECM and were also found to a greater
extent (13%). Additionally, we identified several proteins in-
volved in the mineralization process (9%), in particular proteins
with the ability to bind calcium (annexins) and pyrophosphatase
activity (Quanine nucleotide-binding proteins) (52).

Besides the functional clustering, the proteomics data were
analyzed concerning aspects like distribution of protein prop-
erties, e.g. isoelectric point (pl) and molecular weight. In re-
gard to both parameters, the distributions of all proteins iden-
tified in the MV as well as in the cellular fraction do not
significantly differ from the distribution of the human MSC
dataset from ExoCarta (supplemental Table 2D). Furthermore,
the existence of signal peptides was tested for all proteins
identified in the MV fraction showing that 213 (68%) do not
contain a signal peptide (supplemental Table 2D). This is in
line with the idea that MV proteins are not released by the
classical secretory pathway (48).

Influence of Various GAGs on the Matrix Vesicle
Proteome

Quantified and Regulated Proteins—To investigate effects
of different GAG derivatives on the MV proteome, we directly
compared MV protein lysates of sHA1-treated cells to those

Exocarta proteins
homo sapiens
2576

Matrix vesicle
hBMSCs
309

Exocarta proteins
MSCs
homo sapiens
939

Fic. 3. Overlap of previously reported extracellular vesicle pro-
teins with proteins being identified in the matrix vesicle fraction.
Venn diagram showing the overlap of proteins identified in the matrix
vesicle fraction (green) with ExoCarta database entries filtered by
“human” (red) as well as ExoCarta database entries filtered by human
and MSCs (blue).

exposed to HA, CS1, or untreated controls in a duplex SILAC
approach (supplemental Table 2E). In each case, more than
150 proteins were quantified. Among those, the proportion of
regulated proteins (fold change > +0.5, p value <0.05) varies
between 8 and 13%.

To specify, of all 51 reliably quantified proteins (three of
three replicates, =2 peptides) in sHA1-treated cells compared
with the control, 13 were found to be up-regulated (25%), and
six were down-regulated (12%). Compared with CS1-treated
cells, the number of regulated proteins is similar (11 up, 18%;
10 down, 17%), whereas compared with HA the number of
differentially expressed proteins is lower (10 up, 17%; 6 down,
10%), possibly indicating a higher similarity in sHA1 and HA
influence on the MV proteome compared with CS1 (Fig. 5).
This high proportion of regulated proteins among all reliably
quantified proteins demonstrates a high impact of GAGs on
MV composition.

sHAT1 Affects Growth Factor Bioavailability and ECM Orga-
nization—Based on GO molecular function, GO biological
process, GO cellular component, and PANTHER protein
class, all proteins that were quantified in all three replicates
after sHA1 treatment were manually clustered into functional
groups (Fig. 6A and supplemental Table 2F).

Eight regulated proteins correspond to functional clusters
that are crucial for ECM formation and mineralization. With 12
annotated proteins, the most prominent cluster constitutes
the ECM-associated proteins, including three up-regulated
but no down-regulated proteins. In the presence of sHA1,
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Fic. 4. Clustering of proteins identi-
fied in the matrix vesicle fraction. All
proteins identified in the matrix vesicle
fraction were clustered according to
their cellular compartment (A) and func-
tion (B) using gene ontology term B
assignments.
100
[ up regulated
80 Il down regulated
o 60 [ not regulated
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Fic. 5. Percentage of regulated proteins after GAG treatment.
Proportion of regulated proteins among all quantified proteins in
matrix vesicle and cell (nBMSC) in direct comparison of low-sulfated
hyaluronic acid (sHAT) treatment to chondroitin sulfate (CS7), non-
sulfated hyaluronic acid (HA), or no GAG treatment (c).

thrombospondin-1 and -2 (THBS1 and -2) are up-regulated
(FC = 1.0 and 2.6). Thrombospondins are known heparin-
binding proteins and seem to act as a linker between cel-
lular membrane proteins and extracellular proteins, includ-
ing transforming growth factor g family members (TGF-pB)

extracellular
proteins, 26.4%

immunity & defense

protein folding 3
0
/

cytoskeleton

A

15%
other
7% vesicle / GTPase
15%

4%

protease & inhibitor
13%

plasma membrane
I_ proteins, 3.4%

intracellular
proteins, 70.2%

(583, 54). Additionally, both thrombospondins were shown to
inhibit the catalytic activity of 72-kDa type IV collagenase
(also known as matrix metalloproteinase 2, MMP2) (55).
Furthermore, fibrillin-1 (FBN1) was found in higher abun-
dance in MV after sHA1 treatment (FC = 2.7). This protein is
a structural component of calcium binding extracellular 10—
12-nm microfibrils that are known to regulate the osteoblast
maturing by controlling TGF-B bioavailability and calibrating
the local levels of TGF-B and bone morphogenetic proteins
(BMPs) (56).

With four identified proteins, the functional cluster of cell
adhesion is not as prominent as the ECM-associated pro-
teins, but also among those proteins three were up-regulated.
Another TGF-B-binding protein, the latent transforming
growth factor B-binding protein 2 (LTBP2), was identified in
higher abundance (FC = 2.5) (57). Additionally, the up-regu-
lated fibronectin-1 (FN1, FC = 0.9) forms fibers between
collagen fibrils and supports the cell adhesion by binding to
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Fic. 6. Effects of sHA1 on functional protein clusters in matrix vesicles and cellular proteome. Number of regulated proteins among
all quantified proteins with respect to functional protein clusters in matrix vesicles (A) and cells (B, hBMSC) after treatment with sHA1.
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Fic. 7. Effects of GAGs on ECM remodeling. MMP-2 activity, as a marker for the degree of ECM remodeling, was determined after
treatment with either chondroitin sulfate (CS7), non-sulfated hyaluronic acid (HA), or sHA1 or without treatment by zymography (A).
Analogously, the abundance of tissue inhibitor of metalloproteinases (TIMP)-3, a marker for reduced ECM remodeling, as determined by ELISA
(B). ***, p value < 0.001; **, p value < 0.01, n = 6. All assays prepared with conditioned cell media.

various cell surface and ECM components (58). The up-reg-
ulated periostin (POSTN, FC = 1.9) is also involved in fibrillo-
genesis by supporting the cross-linking of ECM structural
components (59).

Furthermore, with the cysteine-rich protein 61 (CCN1), a
growth factor corresponding to the CCN protein family (60)
was identified in higher abundance (FC = 3.4) after sHA1
treatment. CCN1 binds to various integrins and heparan sul-
fate proteoglycans and additionally supports the cell adhe-
sion, e.g. of fibroblasts (61). Moreover, in comparative analy-
sis to CS1, the growth factor CCN2 was identified to be
up-regulated by sHA1 (FC = 2.6). Both CCN family members
were shown to induce the osteoblastogenesis (62—64).

Altered MV Proteome Affects Matrix Remodeling—MMPs
are a family of structurally related metalloendopeptidases
(metalloproteinases), which are responsible for the homeosta-
sis and turnover of the ECM. MMP activity is tightly regulated
at the level of gene transcription, by proteolytic activation of

the inactive proenzymes and by inhibition of the active en-
zyme by TIMPs (65).

The crucial roles for bone remodeling MMPs and their cor-
responding inhibitors were investigated in more detail. As
shown above (Fig. 6A), many proteins regulated by sHA1 were
identified in the functional cluster of proteinases and inhibi-
tors. In the proteomics analysis, the ECM-degrading MMP-2
(gelatinase A) and TIMP2 and -3 were found to be up-regu-
lated (FCs 2.8, 2.0, and 3.1).

To investigate changes in the matrix remodeling independ-
ently, MMP activity in conditioned cell culture medium was
analyzed by zymography. The results of the densitometric
evaluation showed a significant reduction of gelatinolytic ac-
tivity by any tested GAG derivative ranging from 52 to 85%
compared with untreated cells (Fig. 7A). The differences be-
tween the results from our proteomics analysis and the addi-
tional zymography can be attributed to the fact that the MMP2
protein load does not reflect the overall enzyme activity of
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Fic. 8. Comparison of GAG effects on protein abundance of
individual proteins. For selected matrix vesicle proteins that were
found to be significantly regulated in response to at least one GAG,
the quantitative values are presented as fold changes compared with
control. Asterisks indicate values being significantly regulated pro-
teins compared with control. *, p value < 0.05, n = 3.

MMP2. This supports the finding that the concentration of
several putative inhibitors of MMP2, namely TIMP2 and
TIMP3 and also THBS1 and THBS2, were significantly up-
regulated with sHA1. This finding was independently proven
by a TIMP3 ELISA (Fig. 7B), which showed that sHA1 induced
a significant increase of TIMP3 protein level in comparison
with the control (4.4-fold, p value < 0.001), whereas CS1 and
HA did not.

Modulation of the MV Proteome by Other GAGs—To inves-
tigate whether HA and CS1 cause similar effects and whether
the effects were modulated by sulfation (sHA1 versus HA), a
different position of the sulfate group and/or different disac-
charide units (sHA1 versus CS1), the MV proteome of sHA1-
treated cells was compared with those of h(BMSC treated with
HA or CS1 (Fig. 8 and supplemental Table 2G). For a clearer
illustration, all values were recalculated to control as refer-
ences. All proteins that were quantified reliably in all compar-
isons and found to be regulated in at least one of the
comparisons were considered. Using the Student’s t test
(two-tailed, unpaired), significantly regulated proteins com-
pared with the control (FC > +0.5, p value<0.05) were
checked. Although a tendency toward altered abundance of
the analyzed proteins in the presence of HA or CS1 was
observed, a significant regulation could not be detected by
the t test for the majority of the proteins. In most cases,
significantly altered protein abundances were only observed
after sHA1 treatment. However, the following five proteins
were identified as being significantly regulated in the presence
of HA or CS1: () CCN1 and THBS2 were up-regulated in the
presence of CS1 (FC = 0.8 and 0.6 compared with the un-
treated control). As discussed earlier, both proteins are in-

volved in cell adhesion and, moreover, osteoblast differenti-
ation either directly by increasing the BMP synthesis (62) or
indirectly by the activation of TGF-B8 (54). (i) POSTN, the
Pentraxin-related protein 3 (PTX3), and the FTH1 were signif-
icantly down-regulated in the presence of HA (FC = —0.9,
—1.3, and —1.6 compared with the untreated control). Fur-
thermore, (jii) proteins that were exclusively regulated in com-
parison with CS1 were identified, including three proteins that
are crucial for ECM binding and the bone-forming process
(supplemental Table 2H). CD44 and integrin B3 (ITGB3) were
up-regulated by CS1 compared with sHA1 (FC = 1.0 and 3.2).
Both proteins are known to play an important role in cell-to-
cell and cell-to-matrix interactions. CD44 shows affinity to
FN1 (66), whereas ITGB3 was shown to bind to the structural
ECM protein osteopontin (67). Furthermore, in the presence of
CS1, a tubulin component (TUBA4A) was also found to be
up-regulated compared with sHA1. A disturbed assembly of
microtubule was shown to enhance BMP2 and bone forma-
tion (68). No exclusive regulations after HA treatment could be
observed.

Comparison of the Matrix Vesicle Proteome with hBMSC
Proteome

Quantified and Regulated Proteins in hBMSC—In addition
to examining the effects of different GAG derivatives on the
MV proteome, their influence on the cell proteome was also
analyzed (supplemental Table 3, A and B). A total of 1,559
proteins with 12,197 corresponding peptides were identified.
In the comparison of the proportions of regulated proteins in
MVs and in cell samples, it became obvious that GAG deriv-
atives did not affect the cellular proteome as much as the MV
proteome (Fig. 5). Compared with the control, 14 of a total of
487 reliably quantified proteins were up-regulated after sHA1
treatment (3%), whereas 9 were down-regulated (2%). Similar
effects were found compared with HA (16 of 453 up and 5
down). Slightly more proteins were identified as regulated with
sHA1 compared with CS1 (16 of 548 up and 15 down). This is
consistent with the observations for the MV proteome.

Differences and Similarities between MV and hBMSC—
Similar to the MV proteins, all reliably quantified proteins
detected in the cellular fraction after sHA1 treatment were
functionally clustered. To indicate differences to the MV frac-
tion, the same categories were used (Fig. 6B). Interestingly,
the majority of the proteins does not correspond to the func-
tional clusters affecting the ECM organization and growth
factor bioavailability as been found in the MVs. Opposite the
MV proteome, the major functional clusters of quantified and
regulated proteins correspond to metabolic enzymes and cy-
toskeletal proteins. Interestingly, more than 50 quantified pro-
teins correspond to vesicle-attributed processes highlighting
again their outstanding role in osteoblasts. However, none of
those proteins were significantly regulated on the cellular level
after sHA1 treatment. Similar to the MV fraction, three pro-
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teins of the cluster of proteases and inhibitors were regulated
in the cells representing a rather high proportion of all regu-
lated proteins, also including the up-regulated MMP2 (FC =
2.6). In the proportionally low represented cluster of ECM-
related proteins, two proteins were significantly regulated,
namely THBS2 (FC = 3.0) and the collagen, type V, a-1 chain
(COL5A1, FC = 2.0). The functional cluster of growth factors
and receptors is represented by only eight proteins but con-
tains two up-regulated proteins, namely CCN2 (FC = 2.8) and
the insulin-like growth factor-binding protein 7 (IGFBP7, FC =
3.1), and one down-regulated protein, namely the fibroblast
growth factor 2 (FGF2, FC = —1.6) protein. The overlap of
co-regulated proteins in the MV fraction and the cellular frac-
tion after sHA1 treatment compared to the control is very
small and consists of only three proteins (MMP2, THBS2 and
CCN2). This is also consistent with the comparisons of sHA1
to HA or CS1 (supplemental Table 3, C and D). However, by
including quantitative values of non-regulated but reliably
quantified proteins (n = 3, mean <S.D.) all proteins show the
same tendencies in abundance.

DISCUSSION

An estimated 5-10% of bone fractures fail to heal properly,
a percentage that might increase even further in the future due
to alteration of the age pyramid and lifestyle of the population
and related co-morbidities (e.g. diabetes mellitus or vascular
diseases) and medication (e.g. with corticosteroids or statins)
making bone implants one of the most in-demand biomateri-
als (69, 70). Some strategies to accelerate wound healing
have already been adopted, and several osteoinductive bio-
materials are currently used in therapy (71). One strategy is to
design composite materials coated with artificial ECM (aECM)
using proteins and sulfated GAGs (3).

Ideally, an implant coating should support bone formation
and reduce resorption combined with a proper control of the
immune reaction. Indeed, it has been shown that synthetically
sulfated GAG derivatives promote osteogenic differentiation
of human mesenchymal stromal cells and influence manifold
cellular functions (14, 25, 27). Additionally, sulfated GAGs
were shown to inhibit the bone degradation by osteoclasts
(72) and to provide immunomodulation properties (73).

Especially to draw conclusions on the effect on bone for-
mation in vitro, the cellular system should allow the study of all
characteristic phases of the osteoblast life cycle. This in-
cludes an early differentiation phase characterized by expres-
sion and synthesis of ECM components, followed by ECM
maturation and ending with mineralization of the ECM (74, 75).
Therefore, primary hBMSC served as a cellular model and
were differentiated into osteoblasts by the use of an osteo-
genic medium. MVs and the cellular proteome were collected
over a period of 22 days.

Previous proteomic studies on GAG influence on osteo-
blasts revealed on the cellular level a strengthened cell-matrix
interaction by integrins and vinculin as well as a decreased

matrix remodeling after a treatment with sulfated GAGs, but
the overall effect on the osteoblast proteome was rather
small. Nevertheless, up-regulated proteins involved in the
exo-/endocytosis system of the cells indicate effects on the
matrix vesicle release and therefore activity of osteoblasts
(25).

However, whether sulfated GAGs actually affect MV activ-
ity, whether the MV proteome or only the number of MV is
altered, and, finally, which MV pathways and biological pro-
cesses are regulated were not yet evaluated. Indeed, an in-
creased mineral deposition combined with an increased
TNAP activity in MV after a treatment with sulfated GAGs
confirmed the first hypothesis. To investigate molecular ef-
fects in greater depth we applied MV proteomics.

As Wuthier and Lipscomb (1) reported in their recent review,
the main challenge in MV proteomics, besides the limited
availability of material, is to obtain sufficient MV purity. We
slightly modified a protocol based on several centrifugation
steps as recently published by Xiao et al. (24). As a quality
control measure, we evaluated the presence of marker pro-
teins, the presence of typical extracellular proteins, and the
presence of proteins assigned to the major MV processes as
well as the TNAP activity of the purified MV fraction. We
concluded that the enrichment of MV proteins was successful
because of the following: (i) 21 of the major 25 EV proteins
were present in hBMSC-derived MV; (i) the majority of 81% of
identified proteins were either shown or predicted to be part
of EVs; (iii) only a minority of 32% of the identified proteins
included a signal peptide to be secreted by classical mecha-
nisms; (iv) with 9% of the identified proteins the functional
cluster of proteins being annotated to be involved in mineral-
ization was strongly enriched; and (v) the released and col-
lected MVs showed indispensable TNAP activity. Although
artifact proteins cannot be completely excluded, proteins had
to meet stringent criteria to be treated as quantified so that
potential artifacts were assumed to be negligible.

As a first general finding of the proteome analysis, we
observed that natural GAGs such as HA and CS1 and the
low-sulfated HA derivative sHA1 had a greater impact on the
proteome of MV (27-37% of proteins were found to be reg-
ulated) than on the cellular proteome (5-6% of the proteins
were regulated). The functional clustering of regulated pro-
teins from MVs and hBMSC revealed a larger enrichment of
proteins crucial for bone formation in MVs (supplemental Ta-
bles 2, F and 3E). Taken together, this indicates that the
observed promoting effect of sulfated hyaluronan on the ECM
mineralization is to a large extent relying on an alteration in the
MV composition. This seems not surprising, because MVs
were shown to have a major role in the ECM mineralization
driven by osteoblasts (23, 76). Despite its outstanding role,
the number of studies dealing with MVs is rather low.

The collected MVs represent all characteristic phases of the
osteoblast life cycle. Thus, a finding of activators and inhibi-
tors or marker proteins of distinct differentiation states in
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different modes of regulation or activation is not surprising.
For example, MMP2 was identified to be up-regulated in
terms of abundance after an sHA1 treatment, but the catalytic
activity was decreased. This gelatinolytic active enzyme was
shown to be expressed by osteoblasts previously (77, 78),
and its catalytic activity has a major impact on a proper bone
formation in humans in vivo. It could be assumed that MMP2
is required for MVs to reach deeper ECM layers to initiate
mineralization and to release growth factors bound to the
ECM in the early stages of development, although the overall
activity of ECM-degrading proteins needs to be declined for
proper ECM maturing and further bone formation. This is
provided by an sHA1-induced pronounced increase of differ-
ent MMP inhibitors to decrease the overall ECM degradation.
Among those, TIMP3, which is the only one among four TIMPs
that is tightly anchored in the pericellular matrix, interacts with
sulfated GAG as shown for heparin and chondroitin sulfate

FN1?

matrix vesicle lumen

hydroxyapatite

+ CaZ+
+H,0

“‘ CaP

Annexin V!

P, © Ca?+

(79, 80). As shown before, after sHA1 exposition most prom-
inent regulated proteins were found in biological function of
cell-matrix interaction, ECM organization, and regulation of
growth factor bioavailability (Fig. 9). An increased interaction
between MVs and the cell, respectively, with ECM compo-
nents by released linker proteins like thrombospondins and
FN1 appears convincing. FN1 positively stimulates osteoblast
differentiation and survival (81, 82) and seems to be the nuclei
for mineralization cores in the ECM (83). This mineralization
seems to be additionally supported by THBS2 (84). The ECM
fibrillogenesis may be provided by a higher abundance of
POSTN after sHA1 stimulation. It recruits the BMP1 to FN1,
which leads to the activation of lysyl oxidase, an enzyme that
is responsible for cross-linking of tropocollagen in the ECM
(59). Additionally the bioavailability of TGF-g, the most prom-
inent inducer of ECM protein expression, is potentially af-
fected by the up-regulated LTBP2. By this, a higher amount of
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TGF-B could be stored in the ECM and released by ECM
degradation (57). Through up-regulated THBS1 and -2, TGF-8
is activated (54), which in turn positively stimulates the osteo-
blast maturing from hBMSC (85). However, the up-regulated
FBN1 was shown to impair a proper TGF-B formation but
increases the bioavailability of the BMP2, another stimulus of
osteoblastogenesis (56, 86). With CCN1 and CCN2, two
growth factors were identified as up-regulated directly after
sHA1 exposition. Both proteins are expressed Wnt-depend-
ent in the osteoblastogenesis. CCN1 was shown to induce the
osteoblastogenesis by an increased BMP2 expression and
represses the osteoclastic phenotype by an integrin-inde-
pendent mechanism, whereas CCN2 was shown to induce
osteogenesis in vitro and in vivo (62-64, 87, 88). Furthermore,
with FTH1, a potential inhibitor of osteogenesis, a protein also
corresponding to the cluster of metabolic enzymes was down-
regulated in our findings. The repressing effect on the develop-
ment of the osteoblastic phenotype could be attributed to its
ferroxidase activity (89). In sum, this lead to a more efficient
maturing of hBMSC to osteoblasts, a stronger interaction of
cells and released MVs with the ECM, and a stronger ECM
mineralization as observed in vitro after sHA1 exposition.

As observed, desmoglein-1 was down-regulated in MVs by
sHA1. Desmoglein-1 is a cadherin family glycoprotein occur-
ring in all desmosomes and is involved in calcium-dependent
cell-to-cell interactions via intermediate filaments (90). This
could lead to decreased cell-to-cell interaction. With the
PTX3, we identified another protein that was down-regulated
after sHA1 exposition with yet unknown function in osteo-
blasts. PTX3 was identified in the secretome of adipose-
derived stem cells (Asks), a novel source for therapeutics that
was indeed shown to comprise several stimulators for osteo-
blasts and osteoclasts (91).

A fine-tuning of the cellular response of osteoblasts on
different GAGs seems possible, because the presence or
absence of sHA1, HA, or CS1 affects the abundance of some
specific proteins as already shown. For example, CS1 in-
creased the abundance of CD44 and ITGB3, both of which are
known to participate in cell adhesion to the ECM (66, 67).
Because CD44 binding to FN1 is dependent on a modification
of CD44 with chondroitin sulfate, and the presence of soluble
CS1 was shown to inhibit this binding, this up-regulation
could suggest the existence of a feedback loop. CCN1 and
THBS2, two proteins with a positive influence on osteogene-
sis, were also up-regulated after CS1 exposition but not to the
same extent as after sHA1 exposition. Although the presence
of HA decreases the abundance of FTH1, which was shown to
inhibit osteogenesis (89), proper ECM organization could be
impaired under those conditions as a result of POSTN abun-
dance also being decreased.

Of the 51 proteins quantified in the MV fraction, 27 were
also quantified in the hBMSC proteome analysis after sHA1
treatment compared with the control. This moderate overlap
might be explained by a combination of sampling (cellular

proteomes have a much higher complexity than MV pro-
teomes) or sensitivity (proteins are enriched in the MV fraction)
issues. Only three proteins were found to be regulated in cells
and MVs, although the majority of the 16 proteins are exclu-
sively regulated in MVs and not in cells after sHA1 treatment.
This indicates that the MV proteome composition is somehow
directly regulated by GAGs.

Although previous studies have focused on the binding of
sulfated GAGs to proteins, and several binding partners are
already known (5), the mechanisms of cellular response to
GAG-protein complexes are still only poorly understood, and
further studies in this area are needed.

Taken together, besides slight changes in the protein com-
position of MVs after CS1 or HA exposition, sHA1 induced
mainly positive effects on the osteoblastic phenotype in terms
of mineralization, TNAP activity, and ECM degradation as well
as on protein abundance. The use of mixed solutions could be
discussed in the future as a means of fine-tuning cellular
responses to GAGs.

The use of sulfated GAGs could be a promising approach in
bone grafting because in vitro studies showed promoting
effects on osteogenesis (3, 14). However, besides stimulating
bone formation and reducing bone resorption, the alteration
of GAG concentrations has also been reported to correlate
with cancer progression by activating oncogenic pathways
(92), promoting invasion and metastasis (93), and accelerating
shedding of extracellular vesicles (94, 95), which have to be
carefully evaluated prior to clinical application. An alternative
approach could be provided by dexamethasone, a synthetic
glucocorticoid that was also shown to stimulate an osteoblast
phenotype in vivo (96). Future studies need to investigate a
potentially accumulated influence of GAGs and dexametha-
sone on bone formation.

Concluding Remarks—In conclusion, sulfated hyaluronan
significantly affects the composition and enhances the activity
of matrix vesicles of osteoblasts and thus also matrix forma-
tion, mineralization, and remodeling. In this study, the ob-
served changes in relative protein abundances caused by
GAGs were stronger than those observed for the intracellular
proteins, highlighting the importance of matrix vesicle regula-
tion as a regulated process for the modulation of osteoblast
activity. Moreover, the study provided an opportunity to sen-
sitively measure effects of implant coating compounds such
as sulfated GAGs.

Interestingly, the different GAGs resulted not only in differ-
ent amplitudes but also in different functional effects. This
might open up a new route to modulate MV activity and thus
finally improve bone formation and treat bone defects in vivo.
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